Pt-based nanoframes represent a class of promising catalysts towards oxygen reduction reaction. Herein, we, for the first time, successfully prepared Pt-Pd octahedral nanoframes with ultrathin ridges less than 2 nm in thickness. The Pt-Pd octahedral nanoframes were obtained through site-selected deposition of Pt atoms onto the edge sites of Pd octahedral seeds, followed by selective removal of the Pd octahedral cores via chemical etching. Due to that a combination of three-dimensional opens geometrical structure and Pt-skin surface compositional structure, the Pt-Pd octahedral nanoframes/C catalyst shows a mass activity of 1.15 A/mg Pt towards oxygen reduction reaction, 5.8 times enhancement in mass activity relative to commercial Pt/C catalyst (0.20 A/mg Pt ). Moreover, even after 8000 cycles of accelerated durability test, the Pt-Pd octahedral nanoframes/C catalyst still exhibits a mass activity which is more than three times higher than that of pristine Pt/C catalyst.
I. INTRODUCTION
The proton-exchange membrane fuel cells (PEMFCs), which are capable of converting chemical energy to electricity at high power density with zero emission, have been identified as a promising clean energy conversion technology to drive various of transportation and mobile devices [1] [2] [3] . However, it remains challenging to commercialize this technology at an industrial scale due to the prohibitive cost of associated devices, which is mainly related with the use of a large amount of precious platinum (Pt) as cathode catalysts to mitigate the sluggish kinetics of the oxygen reduction reaction (ORR) [4] [5] [6] [7] [8] [9] . To reduce the usage of Pt catalyst in PEMFCs, considerable efforts to improve the mass activity towards ORR have been made by optimizing geometrical and compositional structures of Pt-based catalysts [10] [11] [12] [13] [14] [15] [16] . In this regard, Pt-based nanoframes with three-dimensional open geometrical structure and Ptskin surface compositional structure shows great potential to push the development of ORR catalysts [17, 18] . Intrinsically, the highly open structure of nanoframes can maximize the contributions made by the surface atoms, enabling the sufficient molecular accessibility and accelerating electron transfer during the reaction * Author to whom correspondence should be addressed. E-mail: zengj@ustc.edu.cn [19] [20] [21] . Besides, the Pt-skin surface structures can greatly enhance the specific activity over their bulk single-crystal alloy through altering the electronic structure of Pt surface atoms [22] . Very recently, a few studies on Pt-based nanoframes have demonstrated the excellent ORR performances of Pt-based nanoframes. As a notable example, the Pt 3 Ni nanoframes catalyst has been reported to achieve 36-fold enhancement in mass activity with relative to commercial Pt/C catalyst [23] . Inspired by the remarkable ORR performances, it is thus greatly desirable to continually pay more attention to Pt-based nanoframes, especially for the Pt-based nanoframes with different geometrical structures, which could offer new opportunities to advance the development of practical ORR catalysts.
Herein, we, for the first time, successfully prepared Pt-Pd octahedral nanoframes with ultrathin ridges less than 2 nm in thickness. In the synthesis of Pt-Pd octahedral nanoframes, we selectively deposited Pt atoms onto the edge sites of Pd octahedral seeds, and removed the Pd octahedral cores via chemical etching. In oxygen reduction reaction, the mass activity of the Pt-Pd octahedral nanoframes/C catalyst was 1.15 A/mg Pt , 5.8 times higher than that (0.20 A/mg Pt ) of commercial Pt/C catalyst. The remarkable activity of the Pt-Pd octahedral nanoframes derived from the combination of three-dimensional open geometrical structure and Ptskin surface compositional structure. Moreover, the Pt-Pd octahedral nanoframes/C catalyst also exhibited high stability, wherein the mass activity reached 0.67 A/mg Pt even after 8000 cycles of accelerated durability test.
II. EXPERIMENTS

A. Chemicals and materials
All chemicals were used as received without further purification.
L-ascorbic acid (AA), potassium bromide (KBr), aqueous formaldehyde solution (HCHO, 37%−40%), aqueous hydrochloric acid (HCl, 36%−38%), nitric acid (HNO 3 , 65%−68%), ethanol 
B. Synthesis of Pd nanocubes
The Pd nanocubes (∼18 nm in edge length) were synthesized according to a previous report [30] . In a typical synthesis, 105 mg of PVP, 500 mg of KBr, 60 mg of AA, and 8 mL of DI water were mixed together in a 20-mL vial and pre-heated to 80
• C in an oil bath under magnetic stirring for 10 min. Then 3 mL of an aqueous solution containing 57 mg of Na 2 PdCl 4 was quickly added to the pre-heated solution. After the vial had been capped, the mixture was maintained at 80
• C for 3 h and then cooled down to room temperature. Pd nanocubes with an edge length of about 18 nm were obtained. After being collected by centrifugation and washed three times with DI water, the final product was re-dispersed in 11 mL of DI water for the further use.
C. Synthesis of Pd octahedra
The Pd octahedra with an average edge length of (29.5±2.4) nm were synthesized according to the previous work with mild modification [24] . In a typical synthesis, 105 mg of PVP, 100 µL of HCHO, 0.3 mL of an aqueous suspension (1.1 mg/mL) of the as-prepared Pd nanocubes, and 8 mL of deionized (DI) water were mixed together in a 20-mL vial and pre-heated at 60
• C under magnetic stirring for 10 min. Then 3 mL of an aqueous solution containing 29 mg of Na 2 PdCl 4 was added to the pre-heated solution. After the vial was capped, the reaction was continued at 60
• C for 3 h and then cooled down to room temperature. After collection by centrifugation and being washed three times with DI water, the final product was re-dispersed in 2 mL of EG.
D. Synthesis of Pd-Pt core-frame octahedra
In a standard procedure, 10 mL of the suspension (1.5 mg/mL) of Pd octahedra, 150 µL aqueous hydrochloric acid, 500 mg of PVP, 350 mg of KBr, 150 mg of AA, 20 mL of EG were mixed together in a three-neck flask and preheated under magnetic stirring at 110
• C for 1 h. The temperature was quickly raised to 160
• C within 10 min, and then 15 mL of another EG solution containing 2.5 mg of K 2 PtCl 4 was added with a syringe pump at a rate of 30 mL/h. After the injection was completed, the reaction was maintained for another 10 min. After collection by centrifugation and being washed three times with DI water, the final product was re-dispersed in 30 mL of DI water.
E. Synthesis of Pt-Pd octahedral nanoframes
In a typical process, 10 mL of an aqueous solution containing 5 mg of Pd-Pt core-frame octahedra and 200 mg PVP were mixed together in a beaker, then 10 mL of nitric acid was added into the mixed solution. The mixture was kept at room temperature for 10 h under magnetic stirring. After collection by centrifugation and being washed two times with DI water, the final product was re-dispersed in 2 mL of ethanol.
F. Preparation of the catalyst
The elemental composition of Pt-Pd octahedral nanoframes were determined by ICP-AES. The Pt-Pd octahedral nanoframes were loaded on a carbon support (Vulcan XC-72) with a Pt loading content of 20 wt%. Typically, the suspension containing Pt-Pd octahedral nanoframes were added dropwise into an aqueous solution containing a specific amount of carbon support. The mixture was then ultrasonicated for 1 h. Afterwards, the catalyst was collected by centrifugation, washed six times with ethanol, and dried in an oven at 40
• C for 10 h prior to the use for ORR tests.
G. Preparation of working electrodes
A certain amount of Pt-Pd octahedral nanoframes/C (containing 1 mg of Pt) and 30 µL of Nafion ionomer solution (5 wt%, DuPont) were mixed in 1 mL of isopropyl alcohol solution under ultrasonication for 1 h. And then 4 µL of the suspension was deposited on a DOI:10.1063/1674-0068/30/cjcp1705100 c ⃝2017 Chinese Physical Society glassy carbon rotating disk electrode with a geometric area of 0.196 cm 2 . The preparation of the working electrodes for the commercial Pt/C catalyst (20 wt% loading, Johnson Matthey) followed a similar procedure. The loading amount of Pt for both electrodes were 4 µg.
H. Electrochemical measurements
Electrochemical measurements were carried out with a three electrode system on an IM6 electrochemical workstation (Zahner, Germany). A platinum wire and Ag/AgCl electrode were used as the counter and reference electrodes, respectively. All potentials were converted to values with reference to a reversible hydrogen electrode (RHE). The CV measurements were processed in HClO 4 (0.1 mol/L) solutions under a flow of N 2 at a sweep rate of 50 mV/s. The ORR measurements were performed in O 2 -saturated 0.1 mol/L HClO 4 at a rotation rate of 1600 r/min and a sweep rate of 10 mV/s. Durability test was performed at room temperature by applying cyclic sweeps between 0.6 and 1.1 V versus RHE in an O 2 -saturated 0.1 mol/L aqueous HClO 4 solution at a sweep rate of 100 mV/s. The mass and specific activities were obtained by normalizing the kinetic current to the loading Pt mass and real active surface area.
I. Characterizations
Transmission electron microscopy (TEM) images were taken using a Hitachi HT7650 microscope operated at an acceleration voltage of 100 kV. High-angle annular dark-field scanning TEM (HAADF-STEM) images, high resolution transmission electron microscopy (HRTEM) and EDX analyses were collected on a JEOL ARM-200F field-emission transmission electron microscope operating at an accelerating voltage of 200 kV. The metal composition of Pt and Pd were studied by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Atomscan Advantage, Thermo Jarrell Ash, USA).
III. RESULTS AND DISCUSSION
To achieve the experimental preparation of Pt-Pd octahedral nanoframes, we rationally designed a sequential procedure involving site-selected deposition of Pt atoms on the corners and edges of Pd octahedra, followed by selective etching of the Pd cores. FIG. 1 shows the schematic illustrations of the synthetic steps to the preparation of Pt-Pd octahedral nanoframes. Prior to the synthesis of Pt-Pd octahedral nanoframes, Pd octahedra with an average edge length of (29.5±2.4) nm (FIG. 2 (a) and (b)) were prepared [24] . These Pd octahedra were then used as seeds for the site-specific overgrowth, in which Pt atoms were only allowed to nucleate and deposit at the corners and edges of Pd octahedral seeds to produce Pd-Pt core-frame octahedra. FIG. 2(c) shows a transmission electron microscopy (TEM) image of the as-obtained Pd-Pt coreframe octahedra, suggesting a purity approaching 100% by preventing the Pt atoms from self-nucleation. The average edge length of such Pd-Pt core-frame octahedra was determined to be (33.1±2.4) nm (FIG. 2(d) ), indicating the successful deposition of thin Pt ridges with about 1.8 nm in thickness. The Pt-Pd octahedral nanoframes were finally obtained by selectively remove the Pd octahedral cores using an aqueous HNO 3 solution at room temperature for 10 h .  FIG. 3 shows the morphological and compositional characterizations of the resultant nanoframes. The representative TEM image in FIG. 3(a) clearly indicates the successful preparation of octahedral nanoframes after removal of the inner Pd cores. The nanoframes replicated the octahedral outline of the initial Pd seeds without the preservation of any side faces. A highermagnification TEM image further shows the ultrathin ridges with thickness less than 2 nm in the resultant octahedral nanoframes (FIG. 3(b) ). Unfortunately, these ultrathin edges are so vulnerable that they tended to break into fragments under intense electron beam. (111) planes, respectively. The STEM-EDX elemental mapping images of an individual nanoframe show that both elements of Pt and Pd exist in the nanoframe (FIG. 3(d) ), confirming the formation of PtPd alloy octahedral nanoframe. The mechanism to form such alloy nanoframes may be similar to the formation of Pd-Pt cubic nanocages that ever reported, associating with the intermixing of Pt and Pd atoms during the growth of Pt and selective etching of Pd [25] . More intriguingly, as-prepared Pt-Pd octahedral nanoframes were believed to form Pt-skin surface structure after selective etching of Pd, which would greatly benefit their ORR activity. The successful formation of such nanoframes indicated a precisely controlled deposition of reduced Pt atoms on the edges of Pd octahedral seeds. Based on the early studies, the newly reduced Pt atoms would preferentially grow on the low-coordinated edge and corner sites to lower their higher surface energy when the reduction rate of Pt precursor is under kinetic control [26] . In addition, the suppression of diffusion rate for the deposited Pt atoms is also critical to the formation of such nanoframes, otherwise, the nanocages may be produced. In our synthesis, the reduction kinetics of Pt and diffusion rate is precisely controlled by combining a weak reducing capability and relatively low reaction temperature, which ensured the successful synthesis of such nanoframes.
Inspired by the highly open structure and Pt-skin surface structure of such Pt-Pd octahedral nanoframes, we then evaluated their electrocatalytic ORR properties and benchmarked the performance against a commercial Pt/C catalyst (20 wt% Pt nanoparticles with an average size of ∼3 nm on Vulcan XC-72 carbon). Prior to deposition on rotating disk electrodes, the Pt-Pd octahedral nanoframes were loaded on carbon supports. FIG. 4(a) shows cyclic voltammograms of the catalysts, which were recorded at room temperature in a N 2 -saturated 0.1 mol/L HClO 4 solution at a sweeping rate of 50 mV/s in the potential range of 0.08−1.10 V versus reversible hydrogen electrode (V RHE ). On the basis of the charges associated with the deposition of hydrogen, we derived the electrochemical active surface area (ECSA) of each catalyst, and then normalized the value against the Pt mass to obtain the specific ECSA. As such, the specific ECSA of Pt-Pd octahedral nanoframes/C catalyst was calculated to be 87.8 m 2 /g Pt , much higher than that the commercial Pt/C catalyst (65.2 m 2 /g Pt ). The larger specific ECSA of Pt-Pd octahedral nanoframes/C catalyst suggests their higher dispersion of the Pt atoms with relative to commercial Pt/C catalyst, which is due to a combination of the ultrathin ridges and alloying of Pd atoms in the nanoframes . FIG. 4(b) shows the positive-going ORR polarization curves of both kinds of catalysts recorded at room temperature in an O 2 -saturated 0.1 mol/L HClO 4 solution. The kinetic currents of ORR polarization curves were calculated by following the Koutecky-Levich equation and then normalized against the ECSA and Pt mass to obtain the specific and mass activity, respectively (FIG. 4 (c) and (d)). Compared with the commercial Pt/C, the PtPd octahedral nanoframes/C catalyst exhibited greatly enhanced specific and mass activities in the potential region of 0.85−0.96 V RHE . As displayed in FIG. 4(c) , the specific activity of Pt-Pd octahedral nanoframes/C catalyst at 0.9 V RHE was calculated to be 1.31 mA/cm 2 , which was enhanced by 4.2 times relative to that of the commercial Pt/C catalyst (0.31 mA/cm 2 ). Due to the higher specific activity and dispersion of Pt atoms, the mass activity of Pt-Pd octahedral nanoframes/C catalyst (1.15 A/mg Pt at 0.9 V RHE ) exhibited 5.8 times greater than that of the commercial Pt/C (FIG. 4(d) ). This result demonstrates that as-obtained Pt-Pd octahedral nanoframes could greatly improve the electrocatalytic ORR performance in terms of Pt mass and materials cost. The significant improvement in the activity for the as-prepared Pt-Pd octahedral nanoframes could be rationally ascribed to a combination of the high dispersion of Pt atoms and formation of Pt-skin surface structure. Specifically, high dispersion of Pt atoms originated from ultrathin ridges and alloying with Pd atoms in the octahedral nanoframes could reduce the usage of Pt and thus enhancing their mass activity. On the other hand, Pt-skin surface structure may optimize the surface electronic structure to weaken the binding energy of hydroxyl and thus boosting their specific activity [27, 28] .
In addition to the great enhancement in both specific and mass activities, the as-obtained Pt-Pd octahedral nanoframes/C catalyst also exhibited remarkable electrocatalytic durability. Specifically, the longterm stability was evaluated through an accelerated durability test between 0.6 and 1.1 V RHE in an O 2 -saturated 0.1 mol/L aqueous HClO 4 solution at a scan rate of 100 mV/s. As displayed in FIG. 5(a) , the PtPd nanoframes/C catalyst showed a slight loss of 9.9% in ECSA after 8000 cycles, in contrast to a significant loss of 26.1% exhibited by the commercial Pt/C catalyst. The ORR polarization curves of Pt-Pd octahedral nanoframes/C catalyst before and after the durability test are shown in FIG. 5(b) . The mass activity of the Pt-Pd octahedral nanoframes/C catalyst after 8000 cycles still exhibits a mass activity of 0.67 A/mg Pt , more than three times higher than that of pristine Pt/C catalyst. The remarkable durability of the Pt octahedral nanoframes/C catalyst was also proven by negligible morphological changes before and after the durability test, with respect to the severe aggregation for the commercial Pt/C catalyst (FIG. 6) . The excellent durability of the Pt-Pd octahedral nanoframes/C catalyst may be attributed to the suppressed detachment and aggregation of catalytic particles associated with the significantly enhanced interaction of such open structure with the carbon support [29] . 
IV. CONCLUSION
We have demonstrated an advanced ORR catalyst based on Pt-Pd octahedral nanoframes composed of ultrathin ridges. We initially selectively deposited Pt atoms onto the edges and corners of Pd octahedral seeds through seed-mediated growth method. Then the Pd cores were removed by chemical etching, resulting in the generation of Pt-Pd octahedral nanoframes. A series of electrochemical ORR measurements indicate that the as-obtained Pt-Pd octahedral nanoframes/C catalyst exhibited specific and mass activities enhanced by 4.2 and 5.8 times, respectively, compared with the commercial Pt/C catalyst. Moreover, the long-term test verified the remarkable durability of such Pt octahedral nanoframes/C catalyst. The present work is believed to advance the research on Pt-based nanoframes catalysts towards ORR.
